Abstract Sulforaphane (SFN) is a phytochemical derived from cruciferous vegetables that has multiple molecular targets and anti-cancer properties. Researchers have demonstrated several chemopreventive benefits of SFN consumption, such as reductions in tumor growth, increases in cancer cell apoptosis, and disruption of signaling within tumor microenvironments both in vitro and in vivo. Emerging evidence indicates that SFN exerts several of its chemopreventive effects by altering epigenetic mechanisms. This review summarizes evidence of the impact of SFN on epigenetic events and how they relate to the chemopreventive effects of SFN observed in preclinical and clinical studies of breast and prostate cancers. Specific areas of focus include the role of SFN in the regulation of cell cycle, apoptosis, inflammation, antioxidant defense, and cancer cell signaling and their relationships to epigenetic mechanisms. Finally, remaining challenges and research needs for translating mechanistic work with SFN into human studies and clinical intervention trials are discussed.
Introduction
Epidemiological evidence suggests that consuming cruciferous vegetables (CV), such as broccoli and cauliflower, may lower risks of developing breast and prostate cancers [1] . Sulforaphane (SFN), a phytochemical derived from these vegetables, possesses many of the chemopreventive properties associated with consuming CV [2] . SFN is produced from glucoraphanin (GFN), a glucosinolate precursor found in CV.
GFN is converted to SFN via the plant enzyme myrosinase. SFN is metabolized via the mercapturic acid pathway, generating several bioactive metabolites [3] . Early research has focused on the ability of SFN to activate nuclear factor (erythroid-derived 2)-like 2 (Nrf2) and induce phase 2 enzymes, as well as inhibit enzymes involved in activating carcinogens [4] . However, there has been growing interest in alternative mechanisms of chemoprevention by SFN that include epigenetic targets [5] . Epigenetics refers to heritable changes in gene expression that are not caused by changes in DNA sequence. Epigenetic mechanisms work in concert to produce changes in chromatin structure and gene expression by modifying interactions among DNA, transcriptional machinery, and regulatory protein complexes. Major epigenetic mechanisms include histone modifications, DNA methylation, noncoding RNAs (ncRNAs), and chromatin remodeling. Unlike genetic mutations, epigenetic alterations are potentially reversible, making them attractive targets for cancer chemoprevention [6] .
Dysregulation of epigenetic mechanisms is emerging as an important factor in cancer development and progression. Epigenetic alterations that improperly silence tumor suppressor genes and activate oncogenes allow cells to acquire cancerpromoting properties, such as uninhibited cell growth and proliferation [7] . In breast and prostate cancers, alterations in the expression of histone deacetylases (HDACs), histone methyltransferases (HMTs), and miRNAs, as well as altered levels of histone modifications and DNA methylation, have been observed [8] [9] [10] [11] . Reversing these aberrant epigenetic alterations is becoming a focus of many chemopreventive strategies. This review summarizes evidence from preclinical and clinical studies, with a focus on work conducted in vivo, that demonstrates the ability of SFN to attenuate breast and prostate carcinogenesis through epigenetic mechanisms (Fig. 1) . Considerations for translating mechanistic work with SFN into human studies are also discussed.
SFN and Epigenetics in Prostate and Breast Cancer
SFN has been shown to alter key epigenetic mechanisms in vivo and in vitro with corresponding impact on prostate and breast cancer development. Histone modifications, which occur on histone tails, alter interactions between histones and DNA and affect gene transcription. Histone acetyltransferases (HATs) add acetyl groups to lysine residues within histone tails, thereby relaxing the chromatin structure and facilitating activation of gene transcription. Histone deacetylases (HDACs) suppress gene transcription by removing these acetyl groups [6] . Reduced HDAC activity in peripheral blood mononuclear cells (PBMCs), prostates, and prostate cancer cell xenografts were reported in mice that consumed 443 mg/kg of SFN in the diet for 3 weeks [12] . Prostates and xenografts exhibited corresponding increases in global acetylation of histones H3 and H4. Importantly, site-specific increases in histone acetyl marks were observed at gene promoters for p21 and Bax in tissues with corresponding increases in gene expression [13] . Additionally, SFN reduced protein levels of specific HDACs in prostate and breast cancer cell lines at concentrations ranging from 1 to 15 μM [14, 15••, Fig. 1 SFN-induced changes in epigenetic-modifying enzymes and SFN targets that may be regulated in part through epigenetic mechanisms. Pictured are multiple targets relevant to breast (solid arrows) and prostate (dotted arrows) cancer prevention. ALDH1 aldehyde dehydrogenase 1 family, member A1, CTCF CCCTC-binding factor, COX-2 cyclooxygenase-2, DNMT DNA methyltransferases, DR death receptor, ER estrogen receptor, FTL ferritin, light polypeptide, GCLC glutamate-cysteine ligase, catalytic unit, GCLM glutamate-cysteine ligase, modifier unit, GGT1 gamma-glutamyltransferase 1, GGTLA4 gamma-glutamyltransferase-like activity 4, GLRx glutaredoxin 1, GLS glutaminase, GSR glutathione reductase, GST glutathione S-transferase, HDAC histone deacetylase, HDM histone demethylase, HER-2 human epidermal growth factor receptor 2, HIF-1α hypoxia-inducible factor 1α, HMT histone methyltransferase, HO-1 heme oxygenase-1, hTERT human telomerase reverse transcriptase, IL interleukin, Keap1 kelchlike ECH-associated protein 1, miRNA microRNA, NQO1 NAD(P)H: quinone oxidoreductase 1, Nrf2 nuclear factor (erythroid-derived 2)-like 2, SOX9 SRY (sex determining region Y)-box 9, TR1 thioredoxin reductase 1, TUNEL terminal nucleotidyl transferase-mediated nick end labeling. (Figure produced using Adobe Photoshop) 16 ]. These concentrations have also been shown to inhibit HDAC activity and alter histone acetyl marks in breast cancer cell lines [16] [17] [18] . While SFN's effect on HAT expression and activity has received less attention, some studies have reported no change in HAT activity in breast cancer cell lines following SFN treatment [16, 18] .
Emerging evidence suggests that SFN may alter additional epigenetic processes in the breast and prostate including DNA and histone methylation as well as ncRNAs. DNA methyltransferases (DNMTs) add methyl groups to cytosine bases in DNA. High levels of DNA methylation are generally associated with gene silencing. DNMT1, often referred to as the "maintenance" DNMT, maintains methylation patterns through cell division. In contrast, DNMT3a and DNMT3b are responsible for de novo methylation and methylate DNA during development and according to environmental signals [9] . In human and mouse breast and prostate cancer cell lines, SFN treatment decreased DNMT activity and protein levels of DNMT1 and DNMT3a at SFN concentrations ranging from 1 to 30 μM. As a consequence, attenuated global and sitespecific DNA methylation were linked to altered gene expression [15••, 16, 18-20] . Histone methyltransferases (HMTs) add methyl groups generally to lysine and arginine residues, and histone demethylases (HDM) remove them. Changes in chromatin structure resulting from histone methylation depend on the number of methyl groups and the residue modified [9] . ncRNAs are produced from non-coding regions of DNA and also play critical roles in modifying the epigenome. miRNAs are ncRNAs that bind mRNAs with appropriate "seed sequences," which prevent the mRNA from being translated or enhance degradation of the mRNA template and have been implicated in cancer development [21, 22] . In human breast cancer cell lines, SFN treatment decreased protein levels of SUV39H1 (a HMT) and histone methyl marks (H3K27me3 and H3K9me3), increased protein levels of RBP2 (a HDM), and altered expression of the miRNA, miR-140, and its downstream targets [16, 18, 23•] . To our knowledge, a direct interaction between SFN and chromatin remodeling complexes (e.g., SWItch/Sucrose NonFermentable (SWI/SNF)) has not been established, but epigenetic events such as histone acetylation have been shown to influence nucleosome structure (reviewed by [24] ).
Prostate Cancer
Chemopreventive properties of SFN have been demonstrated in the prostate in vivo. In mouse models of prostate cancer, SFN ingestion decreased tumor growth, increased cancer cell apoptosis, and prevented cancer progression [25, 26] . Several groups reported that SFN reached prostate tissue in rodents following oral consumption and had localized effects [12, 13, 27••, 28] . Much of the epidemiological evidence suggests that individuals who consume greater amounts of CV have a decreased risk of developing prostate cancer [29] . Additionally, a prospective study reported a decreased risk of prostate cancer progression with higher intakes of cruciferous vegetables [30] . There have also been a few human clinical prostate cancer trials conducted using SFN. In one such study involving men with recurrent prostate cancer, none of the patients experienced PSA doubling, a marker of disease severity, after consuming SFN daily for <20 weeks [31] . In men diagnosed with high-grade prostatic intraepithelial neoplasia, a 12-month dietary broccoli intervention altered gene expression in prostate tissues relating to cell signaling pathways such as androgen, TGFβ1, insulin, and EGF signaling [32] . These findings suggest a potential role of SFN in preventing prostate cancer. Emerging evidence suggests that SFN's chemopreventive activities in the prostate involve epigenetic regulation of the cell cycle, apoptosis, cellular antioxidant defenses, and chronic inflammation. Understanding the role of these epigenetic-related mechanisms in humans is an important future area of research.
Cell Cycle and Apoptosis
Uninhibited cell growth and evasion of apoptosis are classical hallmarks of cancer [33] , and SFN has been shown to induce G1/S and G2/M cell cycle arrest and apoptosis specifically in human prostate cancer cells compared to non-cancerous cells [14, 34] . There is also in vivo evidence of SFN efficacy in prostate cancer prevention. SFN-fed mice showed a reduction in prostate tumor growth that was associated with increased apoptosis and decreased cell proliferation [25] . Furthermore, SFN consumption has been associated with increased expression of p21, cyclin D, Bax, caspase-3, Bak, and death receptors DR4 and DR5 and decreased expression of Bcl-2 and Bcl-X L in prostate tissues [12, 13, 25, 26] . Similar observations were made when whole-food sources of SFN (broccoli and broccoli sprouts) were consumed [35, 36] . Some of these effects may be mediated by SFN's ability to inhibit HDACs. For example, mice that consumed 6 μmol SFN daily for 10 weeks had decreased levels of HDAC activity, increased acetylated histones H3 and H4, and increased expression of p21 in the prostate [13] . Like p21, cyclin D, Bak, Bax, Bcl-2, Bcl-X L , caspase-3, DR4 and DR5 are often dysregulated in cancer cells through epigenetic modifications, thus SFN could be inducing changes in their expression through epigenetics mechanisms in vivo [37] [38] [39] [40] . Recent research in cancer cells supports this idea. For example, in human prostate cancer cells treated with SFN, increased cyclin D2 expression was associated with decreased DNA methylation in its promoter. In these cells, SFN treatment also decreased mRNA and protein levels of DNMTs [19] .
Antioxidant Defenses
Cellular antioxidant defenses protect cells against the damaging effects of oxidative stress and inflammation [41, 42] . SFN has been shown to stimulate these defense mechanisms in vivo, often through inducing Nrf2 [43, 44] . Keum et al. [36] reported that dried, ground broccoli sprouts administered in the diet increased Nrf2 and decreased Keap1 protein in mice. These changes were associated with induction of an Nrf2 target gene, heme oxygenase-1 (HO-1). Additionally, increases were observed in the activities of NAD(P)H:quinone oxidoreductase 1 (NQO1), the specific glutathione S-transferase (GST) GSTM, and of total GSTs in the prostates of SFN-fed rats [45] . In rat prostates, Liu et al. [46] observed modest decreases in GSTP1 mRNA following consumption of a broccoli powder.
SFN is classically thought to induce Nrf2 by reacting with cysteine residues on Keap1, the cytosolic repressor/chaperone for Nrf2 [47] . Yet, recent evidence suggests that epigenetic mechanisms also contribute to SFN's regulation of Nrf2-mediated gene expression. Increased site-specific CpG methylation within the Nrf2 promoter was associated with reduced Nrf2 expression in mouse prostate tumors [48] . In prostate cancer cells, Zhang et al. [15••] demonstrated that SFN could derepress Nrf2 by reducing CpG methylation. In these cells, they also observed dose-dependent decreases in expression of DNMT1, DNMT3a, and HDACs 1, 4, 5, and 7 and increased binding of acetylated histone H3 (Ac-H3) to the Nrf2 promoter following SFN treatment. Epigenetic mechanisms have also been implicated in regulating expression of Keap1 and several GST enzymes [49] [50] [51] [52] . There is likely interplay among the genetic and epigenetic mechanisms to elicit the chemopreventive effects of SFN, but more work is needed to understand the precise influence of SFN on its targets in the prostate.
Inflammation
Inflammation is a major driver of carcinogenesis [33] , and epigenetic events play a role in inflammation-mediated cell transformation [53] . Consumption of Brassica vegetables has been shown to reduce markers of systemic oxidative stress and inflammation [54] . A major player that regulates inflammation is the transcription factor, nuclear factor kappa-lightchain enhancer of activated B cells (NF-κB) [53] . NF-κB has increased activity in prostate cancer and regulates the expression of many pro-inflammatory mediators through a welldescribed signaling pathway [55, 56] . In mice, SFN consumption was shown to reduce NF-κB activity and the expression of several NF-κB targets in prostate cancer cell xenografts. These targets included pro-inflammatory mediators interleukins IL-6 and IL-8, hypoxia-inducible factor 1α (HIF-1α), and cyclooxygenase-2 (COX-2) [25] . Several of these genes are known to be regulated by various epigenetic mechanisms, so it is possible that epigenetic alterations induced by SFN contributed to these changes in gene expression [39, 57] . For example, in prostate cancer cells, miR-101 inhibits COX-2 post-transcriptional expression [58] , and IL-6 is regulated by the miRNA, let-7, in breast epithelial cells [53] . Additionally, stress-induced increases in IL-6 expression in mouse myoblasts were attenuated following treatment with the HDAC inhibitor, trichostatin A [59] . Importantly, Wong et al. [20] demonstrated that, in prostate cancer cells, 15 μM SFN significantly altered the DNA methylation status of the promoters of many genes that regulate inflammation and immune development, including the promoter of IL-6. These data support the possibility that SFN may work through epigenetic mechanisms in prostate tissue to reduce inflammation.
Breast Cancer
Several epidemiological studies have also indicated that consuming CV may help prevent breast cancer [60] [61] [62] . Further evidence of SFN efficacy in breast cancer prevention comes from dietary intervention studies conducted in rats, where consumption of SFN, broccoli, and broccoli sprout extracts was associated with reductions in multiplicity, size, and growth rate of mammary tumors and breast cancer cell xenografts [4, 23•, 63-66] . Similar studies in humans are only starting to emerge, though there is evidence that dietary SFN can reach the breast tissue in humans. Cornblatt et al. [67] demonstrated in healthy, premenopausal women that consuming a broccoli sprout extract beverage containing SFN resulted in measureable levels of SFN metabolites in plasma, urine, and breast tissue within 24 h. This group also detected SFN metabolites in rat mammary tissues following SFN gavage and observed concurrent alterations in antioxidant gene expression. As discussed earlier (SFN and Epigenetics in Prostate and Breast Cancer section), SFN decreased the activity and expression of HDACs, DNMTs, and the HMT, SUV39H1, and altered histone marks, DNA methylation, and miRNA expression in human breast cancer cell lines [16] [17] [18] [19] [20] 23 •]. Below, we discuss the emerging evidence that these epigenetic mechanisms may mediate certain effects of SFN in the breast, including regulation of antioxidant defenses, cell cycling, apoptosis, and signaling within cancer stem cells (CSC) and tumor microenvironments. Additionally, several SFN targets that are epigenetically regulated in the prostate (e.g., Bcl-2, COX-2) are also altered in breast cancer cells [68, 69] . Investigations to determine SFN's impact on these targets in breast tissue will provide further information on SFN's role in breast cancer prevention. Antioxidant Defenses SFN may be able to reduce oxidative stress in breast tissue by modulating the expression of antioxidant mediators. Several of these proteins are regulated by Nrf2 [47] , and SFN has been shown to increase Nrf2 expression and activity in breast cell lines [70] . In rat mammary glands, SFN consumption increased the expression of NQO1 and HO-1, and activity of NQO1, with concurrent increases in the tissue levels of SFN and SFN metabolites [67] . Increased NQO1 and GST activities were also observed in mouse mammary glands following SFN intake [71] . Importantly, Cornblatt et al. [67] demonstrated that NQO1 and HO-1 were detectable in human breast tissues, implicating that these genes could be useful for studying SFN mechanisms in human populations. Evidence from work in SFN-treated, human breast cancer cells suggests that SFN effects on NQO1, HO-1, and GSTs in the breast are mediated in part through epigenetic events [72, 73] . For example, in these cells, SFN exposure increased HO-1 and NQO1 expression, and these changes were associated with increased HAT (p300) recruitment to gene promoters and site-specific increases in H3K9Ac [72] .
SFN also increases other antioxidant mediators in breast cells. In cancerous and non-tumorigenic, human breast epithelial cells, SFN exposure increased thioredoxin reductase 1 (TR1), ferritin, light polypeptide (FTL), and proteins involved in glutathione (GSH) metabolism, specifically catalytic and modifier subunits of glutamate-cysteine ligase (GCLC, GCLM), glutathione reductase (GSR), glutaredoxin 1 (GLRX), glutaminase (GLS), gamma-glutamyltransferase 1 (GGT1), and gamma-glutamyltransferase-like activity 4 (GGTLA4) [74, 75] . Epigenetic mechanisms have been implicated in regulating the expression of these genes [76] [77] [78] [79] [80] [81] [82] . For example, DNA methylation-dependent regulation of TR1 expression was demonstrated in human breast cancer cells, where a demethylating agent increased TR1 protein levels [78] .
Cell Cycle and Apoptosis
Several studies have demonstrated SFN's ability to disrupt cell growth and proliferation and induce apoptosis in the breast. In mice, SFN injections decreased growth of breast cancer cell xenografts. These xenografts exhibited decreased cell proliferation and Ki-67 staining and increased apoptosis and staining of terminal nucleotidyl transferase-mediated nick end labeling (TUNEL) in a dose-dependent manner with SFN treatment [65] . Stearns et al. [83] reported decreased Ki-67 expression in human breast cancer biopsies following treatment with the pharmacological HDAC inhibitor, Vorinostat, suggesting that epigenetic events play a role in regulating Ki-67. Since SFN can inhibit HDAC activity in breast cancer cells [17] , it may work through a similar mechanism to alter expression of Ki-67 in breast tissue.
SFN has been shown to alter the expression of additional cell cycle and apoptotic regulators in breast cancer cell lines. Meeran et al. [18] reported decreased hTERT expression in human breast cancer cells following SFN treatment. In these cells, decreased DNMT expression and CpG methylation within the binding region of hTERT's repressor, CTCF, occurred along with increased repressor binding. These events were accompanied by decreased HDAC activity, increased expression of RBP2, a HDM that regulates hTERT, and changes in histone acetyl and methyl marks within the hTERT promoter. In a separate study, SFN treatment increased expression of estrogen receptor (ER), epidermal growth factor receptor (EGFR), human epidermal growth factor receptor 2 (HER-2), cyclin B1, Fas ligand, and Bcl-2 in human breast cancer cell lines [17] . Decreased HDAC activity was also observed in these cells following SFN treatment, but interestingly, without apparent changes in global histone acetylation. These changes were also associated with G2/M arrest and apoptosis.
SFN likely works through multiple epigenetic mechanisms to elicit changes in gene expression. In fact, both DNA methylation and histone acetylation were shown to be involved in regulating ER expression [84] . There is also evidence that epigenetic regulation contributes to changes in cyclin B1, Bcl-2, and HER-2 expression, but these mechanisms need to be validated in breast tissue [85] [86] [87] . Similar to prostate cancer, the chemopreventive effects of SFN may be attributed to a combination of genetic and epigenetic targets.
Cancer Stem Cell and Tumor Microenvironment Signaling
Dysregulation of cancer stem cell (CSC) signaling can increase risk of tumor development and progression [88] . SFN may be able to alter signaling in breast CSCs and the tumor microenvironment through epigenetic modulation. Li et al. [23•] reported that tumor-suppressive miR-140 was consistently decreased in early-stage and invasive subtypes of breast cancer compared to non-cancerous mammary cells and tissues. In breast CSCs derived from these subtypes, SFN restored expression of miR-140 by decreasing DNA methylation at a specific intronic gene locus. When breast CSCs were injected into mice, tumors resulting from CSCs that had been pre-treated with SFN had higher levels of miR-140, reduced expression of tumor-promoting CSC regulators (SOX9 and ALDH1), and decreased tumor size compared to tumors resulting from non-treated breast CSCs [23•] . The ability of SFN to regulate CSC signaling in these tumors presents an opportunity for preventing the development of aggressive and therapy-resistant breast cancers.
There is also evidence that SFN interferes with the crosstalk that occurs between adipocytes and mammary stem cells that influences tumor promotion. When SFN was added to cultures containing breast CSCs and adipocytes, CSC migration was markedly reduced. When co-cultured CSCs were pre-treated with SFN and injected into nude mice, resulting tumors were much smaller and stopped growing sooner than tumors arising from untreated, co-cultured CSCs. Similar results on tumor growth were found when mice were injected with SFN daily following xenograft implantation [89] . IL-6 mRNA was also lower than in untreated CSCs, suggesting that SFN's interference in the adipocyte-CSC cross-talk was mediated by altering cytokine expression [90] . This finding is highly relevant for cancer chemoprevention strategies, because adipocyte-secreted cytokines have been shown to promote tumor development and migration [91] . Furthermore, there may be an epigenetic interconnection with regard to IL-6 expression, as decreases in IL-6 promoter methylation have been observed in human breast cancer cells due to p53 deficiency [92] . This decrease in IL-6 methylation was associated with increases in IL-6 expression and an epigenetic reprogramming of the cells toward a basal-like/stem cell-like gene expression profile. This area of research warrants additional studies to investigate the mechanisms by which SFN may alter cross-talk between tumor cells and adipocytes in vivo.
Remaining Challenges and Research Needs
While there is evidence that SFN consumption may be beneficial for breast and prostate cancer chemoprevention, the optimal supplementation form and dosing regimens for SFN in humans still need to be established. This effort will involve clarifying the bioavailability and distribution of SFN and its specific metabolites to human tissues. To date, feeding studies and clinical trials investigating the effects of SFN use a variety of crucifers and extracts to deliver SFN or its precursors, but circumstances that dictate the use of specific sources, forms, or combinations are still emerging. In human feeding studies, consumption of raw or slightly cooked CV resulted in higher levels of SFN in the body as compared to boiled or steamed vegetables [93, 94] . High cooking temperatures are thought to inactivate the myrosinase enzyme that is needed for deriving SFN from its glucosinolate precursor. It is possible that higher SFN bioavailability confers enhanced chemopreventive activity, substantiating the need for further work in this area as well as efficacy studies in humans. Fresh broccoli sprouts with active myrosinase have been identified as particularly rich dietary sources of SFN, but the high variability in SFN yield among sprout batches create logistical challenges for clinical researchers [95] . Supplemental forms of SFN or its precursor, GFN, have been used to circumvent issues of varying SFN yields from food sources; however, these forms can result in lower SFN absorption than from broccoli sprouts [96] . In an effort to improve SFN absorption from plant extracts, Cramer and Jeffery [97] demonstrated that SFN absorption from a GFN-rich broccoli powder devoid of myrosinase activity was enhanced when co-consumed with fresh broccoli sprouts. Results from another study raised the question of whether or not a combination of GFN and SFN sources can achieve additional benefits than consuming either alone [98] . More research is needed to evaluate and optimize specific formulations, combinations, and dose schedules for SFN delivery in vivo and especially in human subjects.
A better understanding of SFN distribution to target tissues will also help to establish the SFN doses and dosing schedules that achieve effective tissue concentrations. Understanding the distribution of specific metabolites of SFN is important given that the parent compound and metabolites may have differing molecular targets and mechanisms of action. For example, SFN has been implicated as the compound responsible for releasing Nrf2 from Keap1, whereas SFN-cysteine and/or SFN-N′acetylcysteine may be responsible for inhibiting HDACs [5, 99, 100] . SFN metabolites have been observed in multiple animal tissues (i.e., adipose, bladder, brain, breast, colon, duodenum, heart, jejunum, kidney, liver, lung, pancreas, prostate, rectum, and skeletal muscle) [27, 28, 67] , but SFN compounds have been detected in humans only in breast tissue [67] . Access to human tissues is limited, generally as clinical biopsies obtained from medical procedures not necessarily linked to predetermined research objectives. This highlights the importance of engaging in research collaborations and optimizing sample preparations to maximize the use of clinical biopsies and animal tissues for research purposes.
Another challenge for clinical researchers is the interindividual variability in SFN metabolism, which has been observed in many controlled human feeding studies. The factors underlying variability in SFN metabolism remain poorly understood. Thus, it is important to identify and characterize key factors that may impact SFN metabolism and distribution to tissues. Such factors include the presence or severity of disease, SFN formulation or diet preparation, tissue type, gut microbiota composition, and genotype of GSTs [101] . Pharmacokinetic studies designed to systematically evaluate the impact of putative factors should consider stratifying subjects prior to randomization to increase statistical power and maximize the value of observations. Ultimately, establishing key targets of SFN action in humans is critical to determine how SFN can be effectively utilized in chemoprevention strategies. It is worth noting that due to the differences in the genetic background between mice and humans, there may be additional challenges in translating SFN targets discovered in rodent models to the clinic. Nevertheless, once established, tissue-specific targets can be used as biomarkers to evaluate the chemopreventive efficacy of dietary SFN strategies in humans, as well as the impact of SFN metabolism and distribution on chemopreventive outcomes. The use of a single target is likely not sufficient for studying the totality of SFN's chemopreventive effects, especially given that one specific target may not be altered significantly prior to or in the early stages of cancer development, which could limit its use as a biomarker at specific disease stages [14] . Additionally, the use of genetic (e.g., Nrf2-regulated genes) and epigenetic mediators (e.g., HDAC, DNMT, ncRNAs) either alone or in combination with proliferation and apoptosis markers could improve understanding of the timing and contributions of various epigenetic mechanisms to specific outcomes. Approaches such as metabolomics may also reveal new mechanisms and novel SFN targets within prostate, mammary, and other target tissues of interest. The outcomes of this research will rely on the ability to understand the physiological relevance of changes in SFN targets observed in human studies; thus, it is critical to quantify the effect sizes for SFN targets that are needed to elicit chemopreventive outcomes.
It is clear that SFN has multiple targets of action in the breast and prostate that may be coordinated by both genetic and epigenetic mechanisms. Future research will need to understand relationships among genetic and epigenetic targets as well as among the bioavailability of active compounds and defined molecular targets in tissues. Emerging bioinformatics technologies can evaluate information on a wide range of SFN targets simultaneously and integrate this information with the presence of SFN metabolites, which will help to clarify SFN mechanisms in vivo. In these evaluations, it will be important to consider the disease context and underlying cellular phenotype, as these factors are likely to impact relationships among SFN compounds, SFN targets, and resulting biological outcomes.
Conclusions
SFN is a promising dietary chemopreventive agent due to its ability to target multiple pathways involved in carcinogenesis. The ability to alter epigenetic events in the breast and prostate may underlie many of SFN's chemopreventive effects in these tissues. More research is needed to determine the impact of SFN-induced changes in epigenetic mechanisms and their cross-talk during cancer development. To inform chemoprevention strategies for breast and prostate cancers, investigations of SFN's chemopreventive efficacy should focus on tissue-specific effects and work to establish effective doses for different disease stages and human subpopulations.
